One of the major quantitative trait loci (QTLs) associated with arthritis in crosses between B10.RIII and RIIIS/J mice is the Cia5 on chromosome 3. Early in the congenic mapping process it was clear that the locus was complex, consisting of several subloci with small effects. Therefore, we developed two novel strategies to dissect a QTL: the partial advanced intercross (PAI) strategy, with which we recently found the Cia5 region to consist of three loci, Cia5, Cia21 and Cia22, and now we introduce the QTL-chip strategy, where we have combined congenic mapping with a QTL-restricted expression profiling using a novel microarray design. The expression of QTL genes was compared between parental and congenic mice in lymph node, spleen and paw samples in five biological replicates and in dye-swapped experiments at three time points during the induction phase of arthritis. The QTL chip approach revealed 4 genes located in Cia21, differently expressed in lymph nodes, and 14 genes in Cia22, located within two clusters. One cluster contains six genes, differently expressed in spleen, and the second cluster contains eight genes, differently expressed in paws. We conclude the QTL-chip strategy to be valuable in the selection of candidate genes to be prioritized for further investigation.
Introduction
Rheumatoid arthritis (RA) and other complex diseases or syndromes are typically the result of combinations of multiple contributing genes, environmental factors, genegene interactions and/or gene-environment interactions. Despite large efforts, the disease etiology remains largely unknown. The collagen-induced arthritis (CIA) model in mice is used to study the pathology of the disease. 1 Over 90% of the mouse and human genomes can be partitioned into corresponding regions of conserved synteny, and key pathways are most probably also conserved, opening the possibility to study the biology in mice and translate the results to the human situation. [2] [3] [4] Over 30 quantitative trait loci (QTL) for CIA in mice have been identified (listed at www.informatics.jax.org). However, the transition from QTL to QTG (quantitative trait gene) is not straightforward. One reason for the experienced difficulties is that several of the identified disease loci have turned out to be clusters of genes with small individual effects. In general, it is difficult to narrow down the congenic fragments to less than a few hundred genes by breeding. Therefore, in order to identify QTGs, we need alternative strategies to reduce the number of candidate genes. We have recently developed the partial advanced intercross (PAI) strategy to increase penetrance through genetic interactions, and at the same time accumulate valuable recombinations. 5 In addition, in order to facilitate the genetic mapping, our group and others have studied subphenotypes with higher penetrance than the originally mapped more complex phenotype, such as the production of autoantibodies and CD4/CD8 T-cell ratio. 6, 7 Another approach to reduce the number of candidate genes is to investigate the expression of the genes in the QTL. 8, 9 In this way, polymorphisms in regulatory or promoter regions resulting in differences in mRNA expression will be detected. This kind of experiment is well suited in a distinct system like a congenic strain, where the noise of genetic differences between strains is reduced.
The combination of expression and mapping studies has proven successful in previous studies with complex traits. Several candidate QTGs for hypertension were identified by integrating global expression profiling with linkage analysis. 10 Moreover, the Ifi202 gene was identified in expression studies of a congenic strain for the Nba2 locus in the NZB/NZW model of SLE. 11 Also, the importance of the complement component C5 in a model for asthma 12 and the CD36 gene for insulin resistance was demonstrated by the same technique. 13 In these experiments the global gene expression was studied and subsequently the QTL gene identified. However, the use of a genome-wide approach as a method to identify QTGs is not straightforward. Firstly, on a genome wide chip it is difficult to assure the presence of all the genes in the QTL region and, secondly, the risk of falsepositives and -negatives is increased with the number of genes investigated.
To avoid some of these problems when examining the Cia5 locus on mouse chromosome 3, we have used a different microarray approach where only genes located in the QTL region were studied. The Cia5 locus was identified in a cross between the arthritis resistant RIIIS/J strain and the susceptible B10.RIII strain.
14 The Cia5 congenic strain with an RIIIS/J fragment inserted onto the B10.RIII susceptible background has a reduced severity of CIA compared to the parental strain. 5 In order to select candidate genes for further investigations, we have studied the QTL gene expression profile during the priming phase of arthritis. We initially investigated the expression differences across the genome, which gave us an indication that the Cia5 region contains several differently expressed genes. However, problems with gene annotations and multiple testing on the genome wide chip led us to construct a custom made microarray, containing only genes in the arthritis-linked Cia5 region. The expression QTL genes was studied in three tissues and compared between the congenic and the parental strain, before and after immunization. This is the first time a congenic strain is extensively profiled exclusively for the expression of candidate genes within the QTL.
Results
Expression profiling of 11 000 genes reveals differently expressed genes within the Cia5 region In order to get an indication of the immunological process in the arthritis-resistant Cia5 congenic strain we compared the gene expression in the congenic mice with the expression in the parental B10. RIII mice. In this pilot study, we used the single dye Affymetrix system to measure the expression of 11 000 genes across the genome. Since it is unknown how the protection from CIA development is mediated in the Cia5 congenic strain, we chose to profile three whole tissues: lymph nodes, spleen and paws. We were primarily interested in finding inciting or etiological factors, and therefore chose to investigate samples taken early in the disease process, before the visible onset of arthritis. Within a few days after immunization with collagen type II (CII), the immune system is primed and after 1 or 2 weeks, signs of immune activation can be detected in the joints. 1 However, the macroscopic signs of arthritis in the B10.RIII strain have in our hands never been detected before day 17 after immunization. 5 Interestingly, several genes located in the congenic fragment were differently expressed and of these Chi3l3 showed the most pronounced expression difference between the two strains (FC -23.5 at day 12 in spleen). Some of the genes were differently expressed in more than one of the tissues (Chi3l3) or at more than one time point (Gstm5, Sprr2I) supporting the interpretation of a true difference. However, the experimental setup with pooled samples did not suffice for any statistical analysis on the biological variance. In addition, when comparing the genes present on the genome wide chip with genes currently annotated to the Cia5 region, it became clear that not all genes in the region were present on the chip. Consequently, the results were used as an indication of a complex gene regulation within Cia5.
Profiling the QTL gene expression between the Cia5 congenic and the parental strain using a QTL chip To be able to explore the QTL gene expression differences in more detail and with higher statistical power, we prepared a custom made QTL chip containing a more accurate selection of QTL genes compared to the genome wide chip (covering the region seen in Figure 1 ). The QTL chip is a two-dye system where the sample is hybridized together with a tissue-specific reference sample. We focused on a 15 Mb region, surrounding the Cia5 peak marker, 14 containing 163 genes. As for the genome wide chip we prepared samples from lymph nodes, spleen and paws from Cia5 congenic and parental mice. However, in this experiment five biological replicates in dye-swapped experiments were QTL-chip-strategy for candidate QTG selection M Johannesson et al investigated at three time points during the induction phase of arthritis ( Figure 2 ). Of the genes represented on the chip, roughly 50% were expressed in spleen, 70% in lymph nodes and 60% in paws (data not shown) and, in total, 26 genes had a significant expression difference (Pvalue of p0.05) between the congenic and the parental strain ( Table 1 ). The genes that exhibited the largest differences in fold change between the congenic and the parental strain at several time points were Chi3l3 and Vav3. The Chi3l3 gene was downregulated in the congenic mice at all time points in spleen ( Figure 3a ) and also in lymph nodes at day 6. The Vav3 gene was, in contrast to Chi3l3, upregulated at all time points in spleen as well as in lymph nodes at day 0 and in paws at day 6 and 12. Vav3 is the only gene with an expression difference seen in all three tissues ( Table 1 ). The Gpr89 gene was also upregulated at all time points in spleen and at day 0 in lymph nodes ( Figure 3b ). As Chi3l3, the Ptpn22 gene was downregulated in the congenic strain but only at one time point, day 0 in lymph nodes ( Figure 3c ). The CD53 gene had a small but highly significant difference in expression between the Cia5 congenic and the parental B10.RIII strain at day 0 in lymph nodes and at day 12 in spleen. The expression difference seen in spleen is due to an upregulation of CD53 in the parental strain as a result of the immunization ( Figure 4a ). The reverse expression pattern was seen for Gstm1, which is upregulated in the parental strain at day 0 in spleen and lymph nodes. However, after immunization, the difference in Gstm1 expression in lymph nodes was reduced due to a downregulation in the parental strain (Figure 4b) . The results are summarized in Table 1 , where the expression differences in the congenic Cia5 strain compared to the parental B10.RIII strain are indicated as Dfold change, which is a measurement of expression differences, not expression levels.
Validation of the expression differences found with the QTL chip Of the genes located in the Cia5 region that were found to be differently expressed in the genome-wide expression analysis, six were also included on the QTL chip. Three of them, Chi3l3, Gstm5 and Sprr2D, were confirmed, whereas Sprr2I, Sprr2F and 2810052M02Rik were not. The Vav3 gene that was highly differently expressed between the two strains in the QTL chip experiment was not present on the Affymetrix chip.
Four of the most interesting expression differences, found for Chi3l3, Vav3, Gstm1 and Ptpn22 were tested in 3-6 new biological samples from each strain using real-time RT-PCR. Ptpn22 was confirmed to be downregulated in the congenic strain compared to the parental in lymph nodes (fold change 2.4 in B10.RIII compared with congenic mice, P ¼ 0.04), and Chi3l3 was confirmed in spleen. The expression of Chi3l3 was nearly absent or undetectable in the congenic mice in contrast to the parental mice, which all had a high expression of the gene ( Figure 5 ). For Gstm1 the same tendency as seen on the QTL chip was detected (fold change 2.3 in B10.RIII compared with congenic mice, P ¼ 0.08). We were not able to confirm the very low levels Figure 2 The experimental setup for the QTL gene expression experiment. Paw, spleen and lymph node samples were taken at day 0 (unimmunized mice) and at days 6 and 12 after immunization with CII in IFA. Five biological replicates were taken for each strain at the selected time points. Each sample was stained with both Cy5 and Alexa and then hybridized with a tissue-specific reference sample. 
Location of the differently expressed genes
The differently expressed genes, Gstm1, Gstm2, Gstm5, Gstm7, Sort1, Sars1, Gnai and Dda3, are clustered in a 0.4 Mb region between 108.4 and 108.8 Mb (Figure 6 ). Notably, all but Sars1 and Gnai are differently expressed in the paw, the arthritis target organ. Moreover, all but Gstm7 are downregulated in the congenic mice. 
Discussion
Positional cloning of QTLs with small effects is a difficult task and alternative strategies in order to reduce the number of candidate genes are needed. By investigating the expression of genes within the Cia5 QTL region, we Differently expressed genes between the Cia5 congenic and the B10.RIII parental strains looking at all days combined.
QTL-chip-strategy for candidate QTG selection M Johannesson et al have found 26 genes that are differently expressed during the induction phase of arthritis in the Cia5 congenic compared to the parental strain. The expression patterns detected include a constitutive expression difference between the two strains at all time points as seen for Gpr8 and Chi3l3, and a decrease or increase in expression difference after immunization as seen for Gstm1 and CD53. Several other genes were differently expressed at one specific time point, for example, Ptpn22, Gstm7 and Tspan-2. Four of the differently expressed genes are located in the recently described Cia21 region and 14 in the Cia22 region identified in the same study.
5
The differently expressed genes in Cia22 are located in two clusters, containing six and eight genes, respectively. The expression differences for one gene with a highly significant P-value (P ¼ 0.005), Chi3l3, and one with a P-value of 0.03, Ptpn22, were tested and confirmed with real-time RT-PCR. The advantage of using a QTL chip, compared to a genome-wide approach, is the ability to focus on a specific region of interest. We used both genome-wide and QTL-restricted expression analysis in the current study. The genome wide expression analysis revealed several differently expressed genes; however, not all genes in the region were present on the genome-wide chip. Moreover, gene annotations are constantly changing, which is difficult to follow on a global level but possible in a specific region of interest. With the custom made QTL chip we could carefully select which genes to include insuring that all genes annotated to the QTL chip region were present on the chip. In combination with the high number of replicates, this enabled us to detect several new candidate genes for arthritis.
The experimental setup for the QTL chip allowed us to identify differently expressed genes with high probability and also to detect low expression differences. In total, 26 genes had a P-value of p0.05 and given the number of genes on the chip, approximately eight could be false positives. The fact that the expression difference for Ptpn22, which had a P-value of 0.0267, was confirmed indicates that a P-value p0.05 as a threshold is reason- QTL-chip-strategy for candidate QTG selection M Johannesson et al able. We have avoided using a Dfold change value as threshold since the biological relevance for such a threshold is lacking. A small expression difference could have equally important biological effects as a large difference. The CD53 gene has a low Dfold change of À0.84 at day 12 in spleen (P-value 0.0108) but with nonoverlapping values, indicating a true difference in expression.
The differently expressed genes identified in this study are strong candidates not only because of their location but also because of their known immunological functions. Both the Gstm1 and Gstm2 were found to be expressed at a higher level in the parental than in the Cia5 congenic strain. This difference was observed at day 0, however; after immunization the difference in expression decreased due to a downregulation in the parental strain (Figure 4b ). The members of the glutathione stransferase (GST) superfamily are important in the protection of cells from reactive oxygen species due to their ability to utilize substrates of a wide range of products of oxidative stress. 15 Based on their thought role in protecting cells from oxidative stress, several GSTs have been suggested as candidate genes for cancer, 16 arthritis, 17 hypertension 18 and asthma. 19 However, the lower levels of Gstm1 and Gstm2 in the congenic strain might play a protective role during the induction phase of CIA, since reduced oxidative burst response has been shown to promote activation of arthritogenic T cells, both in pristane-induced arthritis (PIA) in rats 20 and in CIA in mice. 21 Tspan-2, which is one of the candidates for Cia21, 5 is also a possible candidate for the insulin-dependent diabetes loci 10, Idd10, mapped to the same region. 22 The gene was upregulated in spleen in the Cia5 congenic compared to the parental strain 12 days after immunization. Tspan-2 encodes a protein participating in the membrane dynamics required for proper T-cell signaling. 23 Another T-cell-associated gene, Ptpn22, which was downregulated in paw samples from unimmunized Cia5 congenic mice, is also located within the Cia21 region. Ptpn22 encodes the protein LYP, which is an inhibitor of T-cell activation. 24, 25 Different allelic variants of Ptpn22 have recently been associated with several autoimmune disorders in humans including RA and Type I diabetes [26] [27] [28] The upregulation of Tspan-2 and the downregulation of Ptpn22 could indicate a higher activation state of T cells in the congenic strain. This activation might be required for self-reactive T cells to undergo apoptosis or to become T regulatory cells; however, further experiments are needed in order to answer this question. Nevertheless, further support of the congenic T cells being activated is the expression differences of the Vav3 gene, one of the candidate genes for Cia22. The expression of Vav3 in the parental strain is nearly absent on the QTL chip whereas a clear expression is seen in the real-time RT-PCR experiment. This could indicate a polymorphism in the coding region where the probe on the QTL chip is binding. The Vav family of Rho guanine nucleotide exchange factors is thought to orchestrate signaling events downstream of lymphocyte antigen receptors and is essential in the formation of an adaptive immune response. 29 Vav3 has been reported to be a positive regulator of TCRinduced transcription 30 and important in positive and negative thymocyte selection. 31 Vav3 is thus a possible candidate not only for Cia22, but also for the Trmq6 locus that controls CD4/CD8 T-cell ratio linked to the same region. 6 The most markedly downregulated gene in the congenic strain was the Chi3l3, where the expression in the congenic mice is either not detectable or very low compared with the parental mice. Chi3l3 is an eosinophil chemotactic factor mainly expressed in neutrophils and macrophages. 32, 33 The protein is upregulated by Th2 cytokines such as IL-4 by a STAT6-dependent mechanism. 32 Th2 responses and extensive eosinophilic infiltration in arthritic joints have previously been demonstrated in CIA 34 and a low amount of Chi3l3 could thus play a protective role.
It is possible that the protective effect observed in the congenic strain represents the sum of effects from all the differently expressed genes. Whether all the genes are polymorphic, or whether one polymorphic gene or transcription factor (not necessarily differently expressed) affects the expression of all of these genes, needs further investigation. A possibility is that the differently expressed genes are members of the same pathway and, consequently, interdependent. The fact that the differently expressed genes are clustered in the genome may indicate a common regulator. To answer this question we need to do a high-resolution mapping in combination with QTL gene expression studies and sequencing of the candidate genes.
The selection of tissues is central to the study of gene expression. For a number of diseases, like arthritis, where many cell types and organs are involved in the disease progression, the choice of tissue or cell type is not obvious. Therefore, we chose to array samples from three different tissues. Lymph nodes and spleen were chosen because they are known to be involved in the priming phase of arthritis and paws because they are the target tissue of the autoimmune attack. Since we have studied complex tissues, any expression difference may reflect either an increased number of a certain cell type or the increased expression of a gene in a constituent cell population. This will be further investigated by isolation of cell populations within spleen, lymph nodes and paws followed by gene expression analysis.
Although we have found several differently expressed genes in the Cia5 fragment, this alone is not proof of them causing the CIA phenotype. We cannot exclude that the expression differences between the congenic and parental strain are affecting a different trait other than arthritis. However, in such a defined system as a congenic strain, this is unlikely. Moreover, even if the genes in the congenic fragment responsible for the lower severity of CIA might not be differently expressed, the knowledge of what genes are regulated by the congenic fragment will still help reveal the pathways involved.
In summary, we have found 26 genes in the Cia5 fragment that are differently expressed between the Cia5 congenic and the parental B10.RIII strain. These genes are likely to be involved in protecting the Cia5 congenic mice from developing CIA and will be prioritized in the selection of candidate genes that will be further investigated. In QTL mapping, there is no golden standard strategy; but the QTL chip is definitely a valuable tool in the search for genes underlying complex traits.
Materials and methods

Animal experiments
Mice were bred and kept in the animal house of the Medical Inflammation Research Unit, Lund University. The mice were kept in climate-controlled environment with 12-h light/dark cycles, fed with standard rodent chow and water ad libitum (as defined in http:// www.inflam.lu.se). Jan Klein, Tü bingen, Germany, originally provided the B10.RIII mice and RIIIS/J mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA). The production of Cia5-region congenic mice (denoted by R3) is described elsewhere. 5 Parental B10.RIII and Cia5 congenic 12-week-old mice were immunized with 100 mg bovine CII emulsified in IFA (incomplete Freund's adjuvant)(Difco, Detroit) by intradermal (i.d.) immunization at the base of the tail. Paw, spleen and lymph node samples were taken from unimmunized mice (day 0) and at day 12 after immunization for the Affymetrix MG_U74A chip and at days 0, 6 and 12 after immunization for the QTL chip ( Figure 2 ). Five biological replicates were taken for each strain at the selected time points.
Sample preparation and labeling Paws, spleens and lymph nodes (in that order) were dissected out and immediately either snap frozen in liquid nitrogen (paws) or transferred into tubes with 1 ml of RNAlatert (Ambion, Austin, TX, USA) (lymph nodes and spleens). Care was taken to ensure that the time between time of death and harvest of each of the tissues was as rapid and consistent as possible. Total RNA was extracted from homogenized samples using RNeasy extraction kit (Qiagen, Valencia, CA, USA) following the manufacturer's instructions. RNA concentrations were determined photometrically (260, 280 nm) and the quality was checked on a 1.5% agarose gel. For the Affymetrix experiment, total RNA was synthesized to cRNA and labeled according to the GeneChip s expression analysis (technical manual provided by Affymetrix). For the QTL chip, each RNA sample was transcribed into cDNA and labeled with either Alexa (Molecular Probes, Leiden, Netherlands) or Cy5 (PerkinElmer Life Sciences, Boston, MA, USA) according to instructions provided by Qiagen.
Hybridization
For the Affymetrix chip, RNA samples from the same strain, tissue and time point were pooled and hybridized, making the total number of hybridizations twelve (2 days Â 3 tissues Â 2 strains).
For the QTL chip, 2 mg of RNA from each sample was hybridized with a tissue-specific reference sample, made by pooling 2 mg of RNA from all samples from that specific tissue. Hybridizations were performed according to instructions provided by Qiagen. The total number of hybridizations in the QTL chip experiment was 180 (2 strains Â 3 tissues Â 3 time points Â 5 replicates Â 2 stainings). This experimental design is according to the 'modified dye-swap' as delineated by Churchill 35 ( Figure 2) .
Design of the QTL chip
The selection of genes was based on both the publicly available mouse assembly based on the NCBI build 30 (www.ensembl.org) and on the assembly from the Celera Discovery System (subscription restricted). Lists of all genes in the Cia5 region were downloaded from both sites and visually compared. Selection criteria were set so that only genes present on both annotations were selected. The selection of 163 genes was based on the location of the Cia5 peak marker from the original intercross experiment. 14 The selection of genes was unbiased.The function of the genes was not taken into account. However, a few genes located in the Cia5 fragment but not within the selected QTL region were added to the list because they had previously been reported as possible candidates 22 or because they were differently expressed in the genome wide profiling experiment. The complete gene list is presented in Supplementary Table 1 .
We utilized custom-made SensiChips, which are spotted with 70-mer oligonucleotide probes, provided by Zeptosens. Each probe is spotted in duplicate on the chip. The probes for the 163 genes were designed by the bioinformatics department at Qiagen and they were thoroughly tested for mismatching and cross-hybridization. A few genes were excluded from the chip because of the risk of cross-hybridization, for example,Chi3l4, which has a high-sequence similarity with Chi3l3. However, the probe for Chi3l3 is specific and does not bind Chi3l4. 0 -ATG GGG TAC TTC AGG GTC AGG ATA-3 0 . Normalization was performed to either HPRT (Vav3 and Chi3l3) or B-actin (Ptpn22) with comparable primer efficiencies. Fold changes for the expression of Vav3, Gstm1 and Ptpn22 in the Cia5 congenic strain compared to the B10.RIII parental mice were derived using the comparative 2
RT-PCR
ÀDDCT method.
Statistical analysis
For the genome wide expression profiling with Affymetrix, the fold change values were calculated with the Microarray Suit Software version 4.0 and a fold change 43 was considered interesting. For the QTL chip analysis, the images were analyzed with the SensiChip View software version 2.1 to extract the fluorescence intensities and to get an impression of the quality of the chips. This yielded ratios for the signal intensities of the red channel vs the green channel. In order to combine the two measurements of the dye swap, the mean of the log 2 ratios of the signal ratios was calculated. This log 2 value represents the difference in RNA expression between an individual mouse and the tissue-specific reference sample and is referred to as the fold change. To test for significant expression differences, a Wilcoxon rank test was performed as implemented in R. 36 To be able to make a direct comparison between the congenic and the parental strain, the difference of the average fold changes between the two strains was compared and is referred to as Dfold change, which still is a logarithmic value of the base 2. Genes were considered differently expressed when the expression difference had a P-value equal to or lower than 0.05.
